Cytomegalovirus (CMV) major immediate-early protein 1 (IE1) has multiple functions and is important for efficient viral infection. As does its counterpart in human CMV, murine CMV (MCMV) IE1 also functions as a disruptor of mouse-cell nuclear domain 10 (ND10), where many different gene-regulation proteins congregate. It still remains unclear how MCMV IE1 disperses ND10 and whether this dispersion could have any effect on viral replication. MCMV IE1 is 595 aa long and has multiple functional domains that have not yet been fully analysed. In this study, we dissected the IE1 molecule by truncation and/or deletion and found that the H2B homology domain (amino acid sequence NDIFERI) is required for the dispersion of ND10 by IE1. Furthermore, we made additional deletions and point mutations and found that the minimal truncation in the H2B homology domain required for IE1 to lose the ability to disperse ND10 is just 3 aa (IFE). Surprisingly, the mutated IE1 still interacted with PML and co-localized with ND10 but failed to disperse ND10. This suggests that binding to ND10 key protein is essential to, but not sufficient for, the dispersal of ND10, and that some other unknown mechanism must be involved in this biological procedure. Finally, we generated MCMV with IFE-deleted IE1 (MCMVdlIFE) and its revertant (MCMVIFERQ). Although MCMVdlIFE lost the ability to disperse ND10, plaque assays and viral gene production assays showed that the deletion of IFE did not increase viral replication in cell culture. We conclude that the dispersion of ND10 appears not to be important for MCMV replication in a mouse-cell culture.
INTRODUCTION
Biological and pathogenic similarities between murine cytomegalovirus (MCMV) and other CMVs make MCMV infection in mice the most commonly used small-animal model for CMV studies (Reddehase et al., 2008) . Interactions of MCMV with infected host cells start immediately after viral particles come into contact with cells, with much attention paid to and study of the immediate-early (IE) stage (Maul & Negorev, 2008; Münch et al., 1988 Münch et al., , 1991 Münch et al., , 1992 . At this stage, input tegument proteins and IE gene products are required to shut off host gene expression and replication and cause cell-cycle arrest (Wiebusch & Hagemeier, 1999; Wiebusch et al., 2008) . The large IE transcription unit is activated by tegument proteins, possibly through the sequestration of Daxx and histone deacetylase (HDAC) (Hwang & Kalejta, 2007; Saffert & Kalejta, 2006 Tang et al., 2003; Taylor & Bresnahan, 2005) , and the IE transcript is alternatively spliced (Stenberg, 1996) . The two major spliced products, IE1/2 in human cytomegalovirus (HCMV) and IE1/3 in MCMV (Keil et al., 1987; Messerle et al., 1992; Stenberg, 1996) , appear to be necessary for the activation of early promoters in the tightly regulated transcription cascade (Ghazal et al., 2005; Sinclair & Sissons, 1996) . Most of the early proteins play an important role in the replicative process and are synthesized before the start of viral DNA replication. IE proteins have been shown to autoregulate their promoter, with IE1 enhancing transcription from the major IE promoter (MIEP) and IE2/IE3 downregulating it (Bühler et al., 1990; Cherrington & Mocarski, 1989; McElroy et al., 2000; Messerle et al., 1992; Scully et al., 1995; Stenberg, 1996; Stenberg & Stinski, 1985; Stenberg et al., 1990) . In many of the DNA viruses studied, the transcription of the major IE (MIE) gene occurs at nuclear domain 10 (ND10), and viral DNA replication shows a preference for initiating at this nuclear substructure (Tang et al., 2000 (Tang et al., , 2003 .
First observed by electron microscopy almost 50 years ago, ND10 [also called promyelocytic leukaemia (PML) oncogenic domain -POD -or PML bodies] was originally identified as being nuclear dense granular bodies (Kremer bodies) (Van Damme et al., 2010) . Many ND10 components have been demonstrated to have a repressive effect on viral gene expression and viral replication (reviewed by Saffert & Kalejta, 2008) . However, the exact nature of the function of ND10 as a nuclear structure is still unknown (Tavalai & Stamminger, 2008) . PML is a scaffold protein with a tripartite motif that consists of an RBCC motif with a conserved RING domain, one or two B-box zinc-finger domains, and an a-helical coiled-coil domain (Borden, 2008; Borden & Culjkovic, 2009) . PML is essential for the formation of ND10 and is the matrix protein of the structure; PML-knockout cells lack ND10, while PMLrescued cells restore the ND10 structures (Ishov et al., 1999; Zhong et al., 2000) . SUMOlaytion (Sumo, small ubiquitin-like molecule) plays an important role in the interaction of PML with other ND10 components (Ishov et al., 1999) . Sumoylated PML is able to recruit other proteins (such as SP100, Daxx, CBP, etc.) into ND10, and the desumoylation of PML by SENPs disperses ND10 (Ishov et al., 1999; Shen et al., 2006) . Previously, we and others found that ND10s were the preferred places for some DNA viruses to dock their DNA, replicate their genome and transcribe some genes (Everett et al., 2004 Tang et al., 2000 Tang et al., , 2003 , which supports the hypothesis that ND10 might have protective effects on virus-replicated DNA and transcribed pre-mRNA. On the other hand, several lines of study have shown that ND10 components, including SP100, PML and Daxx, are all viral gene repressors and negatively affect viral replication (Cosme et al., 2011; Everett & Chelbi-Alix, 2007; Everett et al., 2006; Jiang et al., 2011; Ling et al., 2005 Ling et al., , 2008 Tavalai et al., 2008) , which suggests that ND10 is a defensive focus against viral replication. Therefore, the effects of ND10 as nuclear structures on viral infection are still unclear.
Several viruses encode gene products that disperse ND10. Herpes simplex virus (HSV-1)-encoded ICP0 disperses ND10 by degrading PML (Everett et al., 1998) . For CMVs (including MCMV and HCMV), IE1 has been identified as dispersing ND10 by an as-yet unknown mechanism, but it is not able to degrade PML (Ahn & Hayward, 1997; Kang et al., 2006; Kelly et al., 1995; Korioth et al., 1996; Lee et al., 2004) . The induction of PML desumoylation by HCMV IE1 reported by Lee et al. (2004) needs to be investigated for MCMV IE1.
IE1 of CMV has been shown to be non-essential for viral replication for both MCMV and HCMV (Ghazal et al., 2005; Greaves & Mocarski, 1998 ) at a high m.o.i., although the MCMV IE3 protein or the HCMV-equivalent, IE2, is essential for the activation of early proteins and for viral replication (Bühler et al., 1990; Cherrington & Mocarski, 1989; McElroy et al., 2000; Scully et al., 1995; Stenberg, 1996; Stenberg & Stinski; 1985; Stenberg et al., 1990) . We previously showed that the interaction of MCMV IE1 with HDAC reduces HDAC deacetylation activity, suggesting a mechanism to silence viral transcription (Tang & Maul, 2003) . It has been reported that HCMV IE1 has the same effect on HDAC (Nevels et al., 2004) . Therefore, IE1 may counter the cellular repression of the MCMV MIEP by mechanisms distinct from the previously proposed direct regulation of transcription (Cherrington & Mocarski, 1989) . MCMV IE1 has the ability to enhance viral replication in vivo (Ghazal et al., 2005) , and its regulatory effects on cellular genes involved in nucleotide metabolism are not critical for viral replication (Wilhelmi et al., 2008) . MCMV IE1 contains a 7 aa region (aa 135-141, NDIFERI) that is similar to that of histone protein H2B (aa 68-74) (Münch et al., 1991; Wang et al., 1996) but is not related to the DNA and chromatin binding properties of IE1 (Münch et al., 1991) . In the present study, we show that the NDIFERI region is required for IE1 to disperse ND10. We further dissect IE1 and identify other domains that are important for ND10 dispersal. The minimal motif required for the dispersal of ND10 by IE1 is aa 137-139 (IFE), and the dispersive effect of IE1 on ND10 is not important for either viral replication or gene expression.
RESULTS

Gene mutational analysis of the binding and dispersion of ND10 by IE1
The ability to disperse ND10 is one of the properties of IE1 (Ahn & Hayward, 1997; Ishov et al., 1997; Kelly et al., 1995; Korioth et al., 1996; Tang & Maul, 2003) . To determine the IE1 motif required for this property, several IE1 deletion mutants were produced ( Fig. 1, left ; Supplementary Methods). Since the mAbs used to identify IE1 recognize an epitope between amino acids 430 and 530, some mutants with deletions in this area were detected using a GFP tag at the amino terminus of all constructs. A Western blot was performed to confirm the expression of mutant IE1 products after transfection into NIH/3T3 cells. After stripping, the same membrane was probed first with anti-IE1 antibody (top) and then with anti-GFP antibody (bottom). The products of the IE1 mutants were always seen as multiple bands, regardless of which antibody was used as a probe (Fig. 1, right) . It is not clear whether these products arose from differential splicing or were posttranslational effects.
We then analysed the ability of the mutants to bind to and disperse ND10 (Fig. 1 , centre, which summarizes the data from 50 analysed cells). We transfected each mutant IE1 plasmid into NIH/3T3 cells overnight. After fixation and permeabilization, cells were stained for ND10 by using anti-PML antibody. Fig. 2(a) shows that wild-type (wt) IE1 colocalizes with ND10 when less IE1 is produced (Fig. 2a , rightmost cell; seen in 10/50 cells) and disperses ND10 (left cell) when IE1 is present at higher concentrations (seen in 40/50 cells). The fact that ND10 was dispersed in all cells that were transfected with wt IE1 for 72 h (not shown) confirmed our notion that the 20 % of cells where IE1 co-localized with ND10 had lower levels of IE1 expression. Deleting exon 2 (dl1-36, Fig. 2b ) and nearly 200 aa at the carboxy terminus (dl400-595, Fig. 2h ) had no effect on the normal co-localization and dispersion of ND10.
Any deletions made between aa 37-400, except the deletion of aa 135-141, resulted in the loss of both binding and dispersion capabilities (Fig. 2c-g and i) . Most deletions appeared to affect both binding and dispersion. Interestingly, the small 7 aa histone 2B homology-region deletion mutant (pgfpie1_dl135-141, Fig. 2j , k and l) retained ND10 binding ability [as shown in the nucleus on the right top of Fig. 2 (j, k and l), the lower part of the nucleus is magnified in the boxes to show the colocalization of the IE1 dots and ND10], but did not, even when highly overexpressed, disperse this structure. These findings suggest that two domains, aa 37-99 and aa 350-400, determine the ND10 binding ability of IE1, and the domain affected by the 7 aa deletion (aa 135-141) determined the dispersion of ND10. Also, the binding of IE1 to PML (or intermediaries) seems necessary for the dispersion of ND10, but it is not sufficient for this dispersion.
Pinpointing the IE1 motif within the H2B homology region that is essential for ND10 dispersion Previous studies of IE1 function by our and other groups have shown its activities of binding to non-specific DNA, in vitro interaction with histones, interaction with ND10 proteins and dispersion of ND10, and transactivation of cellular genes (such as the thymidylate synthase and ribonucleotide reductase genes) involved in dNTP biosynthesis Lembo et al., 2000; Münch et al., 1988 Münch et al., , 1991 Münch et al., , 1992 Tang & Maul, 2003; Wilhelmi et al., 2008) . None of these functions have been mapped to the H2B homology region of IE1. Here we show the importance of the H2B homology region of IE1 for dispersing ND10 (Fig. 2) . We further confirmed that IE1 with deletions in the H2B homology region also lost the ability to disperse other ND10 components, such as SP100 ( Fig. 3a- 
3e-h), and ATRX ( Fig. 3i-l ).
Since the H2B homology region contains 7 aa (NDIFERI), we used deletion mutations to further map out the minimal region required for dispersing ND10 (Fig. 4 , Table 1 and  Supplementary Table S1 , available in JGV Online). We made a series of deletion mutants by using overlapping PCR (Table 1 and Supplementary Table S1 ), and immunofluorescence assays (IFA) were performed to analyse the effects of these smaller deletion mutations on ND10 dispersal. As can be seen in Fig. 4 , pgfpie1_dl137-139 lost the ability to disperse ND10, whereas the dual deletion mutations pgfpie1_dl137-138 and pgfpie1_dl138-139 did not. Therefore, the minimal region that is required for dispersing ND10 was mapped to aa 137-139 (IFE).
Next, we were curious as to whether a single amino acid deletion or a point mutation could cause IE1 to lose its ability to disperse ND10. We first utilized an overlapping PCR method by designing internal primers, in which the desired single deletion or point mutation was included, to construct different plasmids, as shown as in Table 1 . After transfecting the plasmids into NIH/3T3 cells overnight, the cells were fixed and an IFA was performed. We found that all of the single amino acid mutants of IE1 could still disperse ND10 (results summarized on the right of Table 1 ).
Interaction with PML, but not dispersion of ND10, is important for the activation of the MCMV MIEP by IE1
Previously, we found that IE1 can interact with PML and other ND10 components (Tang & Maul, 2003) . To determine the domains that are important for this interaction with PML, we transfected our mutated IE1-expressing plasmids (including wt, dl1-36, dl135-141, dl95-153, dl137-139 and dl310-424) into NIH/3T3 cells. Twenty-four hours post-transfection, nuclear extracts were made, and anti-PML and anti-GFP antibodies were PML is able to pull down wt IE1 and the three longer mutants (Fig. 5b) , and conversely, only the three longer mutants are able to pull down PML (Fig. 5c ). Antibodies against GFP and PML were made from mouse, so mouse IgG (mIgG) was used as control ( Fig. 5d) , showing that neither PML nor IE1 was pulled down by mIgG beads. Therefore, elements in regions 195-153 and 310-424 are important for interacting with PML, either by direct binding or via some intermediary protein(s).
Next, we tested whether these mutants of IE1 retain their ability to activate MIEP. We co-transfected the NIH/3T3 cells with the firefly (Photinus)-luciferase reporter plasmid (in which the luciferase expression is directed by the MCMV MIEP and pgfpie1 (wt) or its mutants, including dl1-36, dl135-141, dl95-153, dl137-139 and dl310-424. pGFP was used as a control against possible GFP-induced activation (Fig. 5e , lane 1). As shown in Fig. 5(e) , wt IE1 and all other mutants that are able to interact with PML can activate MIEP. However, the IE1 mutants that lost the ability to interact with PML failed to activate the promoter. The results suggest that the interaction of IE1 with PML, but not the dispersion of ND10, is important for the activating function of IE1.
Generation of MCMV mutants with IFE-deleted IE1
To determine whether the disruption of ND10 by IE1 could be important for viral replication, we generated mutant MCMV [by using MCMV in which IE3 was tagged with GFP at the carboxy terminus (Martinez et al., 2010) ] with IFEdeleted IE1 and its revertant by using the galK counterselection BAC system (Martinez et al., 2010) . MCMVdlIFE, MCMVIFERQ, MCMVdlIE1 and MCMVIE1RQ were prepared as described in Methods.
MCMVdlIFE fails to disperse ND10, and IFE-deleted IE1 is attracted to IE3 domains
As can be seen in Fig. 4 , IFE-deleted IE1 did not disperse the ND10 of NIH/3T3 cells. To test whether a whole virus with the same deletion would also be unable to disperse ND10, we infected NIH/3T3 with MCMVdlIFE at an m.o.i. of 0.5 for 24 h, and ND10s were visualized by IFA using anti-PML antibody. As shown in Fig. 6 (a), ND10s were not dispersed, and PML tended to be attracted to IE3 domains (Fig. 6b) , which have previously been demonstrated to be prereplication compartments (Martinez et al., 2010) . The revertant virus (MCMVIFERQ) was consistent with the wt MCMV infection in mouse cells (Fig. 6i-p) , as ND10s were dispersed ( Fig. 6i-l) . Thus, we found that for MCMV to disperse ND10, the H2B homology region (minimized to IFE) of IE1 is necessary.
IFE-deleted IE1 produced from MCMVdlIFE-infected cells was detected by anti-IE1 antibody (Fig. 6e) . Interestingly, IE1 with deleted IFE colocalized with IE3 in MCMVdlIFEinfected cells, as shown in Fig. 6(d-g ). This is in stark contrast to wt MCMV infection in NIH/3T3 cells or the revertant (Fig. 6m-p) . Whether the ability to disperse ND10 is related to the colocalization of IE3 with IE1 needs to be explored further.
To determine the physical relationship of IE3 with IE1dlIFE and PML over the course of infection, we performed IFA to show the distributions of IE3, IE1dlIFE, and PML throughout the time course of infection. NIH/3T3 cells were infected with MCMVdlIFE at an m.o.i. of 0.5 and fixed at the indicated times post-infection (p.i.) (Supplementary Figures  S1 and S2 , available in JGV Online). As can be seen, IE3 Supplementary Fig. S1 (B2), and top of Supplementary Fig. S2(B2) ]. IE3 formed domains in the nucleus when the infection time was extended, as shown in Supplementary Fig. S1 C1-C4 (16 h p.i.) and D1-D4 (24 h p.i.). IE1 distributed as both diffusion and dots that colocalize with IE3 during the entire time of infection ( Supplementary Fig. S1 , B1-B4, C1-C4, and D1-D4). When IE3 formed small dots at 4 h p.i., it distributed side by side with ND10 ( Supplementary Fig. S2(B1-B4) ]. At a later time of infection, when IE3 formed domains in the nucleus, ND10 appeared to be partially attracted to IE3 domains. However, ND10 remained intact throughout the time course of infection.
Dispersing ND10 by IE1 is not important for MCMV gene expression or viral replication
The biological function of ND10 in relation to viral replication has been controversial. Fig. 7a ), and then different viral products were detected by Western blot. The following proteins were detected: viral IE proteins, including IE1 and IE3; early proteins, including E1 (also called m112/113) and M44; and M25, containing three products (one is an early protein and the other two are late proteins). Tubulin was used as a sample loading control. Thus, no significant defect in viral gene production was observed between the infections of MCMVdlIFE and its revertant.
We then performed p.f.u. assays to detect viral replication. NIH/3T3 cells seeded in 24-well plates were infected with either MCMVdlIFE or wt MCMV at an m.o.i. of either 0.01 (Fig. 7b) or 0.1 (Fig. 7c ). Revertants were also infected as controls. The infected cells were collected (together with medium) at the number of days p.i. indicated in Fig. 7(b) and (c) (x-axis). No significant differences were observed Whole NIH/3T3 cell lysates were collected 24 hours after co-transfection of the luciferase expression plasmid with different IE1 mutants. Lysate concentrations were equalized for total protein amount so as to normalize samples for luciferase assays. Renilla luciferase plasmid was included in each transfection as an internal control. At 24 h post-transfection, dual-luciferase assays were performed with the cell lysates of the transfected cells.
Relative luciferase activities were calculated by dividing the normalized firefly-luciferase activity of each reporter by that of the pGL3 plasmid in pcDNA3-transfected cells. The relative activity of luciferase was obtained by comparing it with that of a group of pmMIEP_luc+pGFP.
Interaction of MCMV MIE gene products and ND10
between MCMVdlIFE and MCMVdlIFERQ or wt MCMV regarding viral growth in cell culture. Therefore, we conclude that the dispersion of ND10 might not be important for the replication of MCMV in mouse cells. However, it is not clear whether the growth defect resulting from the failure of ND10 dispersal in MCMVdlIFE infection might be compensated for by that of the IE1dlIFE co-localized with IE3. In addition, it still remains to be determined whether the dispersion of ND10 might affect viral replication in vivo.
DISCUSSION
The IE1 protein of HCMV and MCMV is often referred to as a promiscuous transactivator because of its effects on transcription directly at the promoter level. In general, three properties have been defined for IE1: IE1 can disperse ND10 (Ahn et al., 1998; Tang & Maul, 2003) , it can bind to and inactivate HDAC (Nevels et al., 2004; Tang & Maul, 2003) and it can activate the MIEP. All of these might induce the augmentation of early-gene transcription. Our previous results showed that IE1 dispersed ND10 and interacted with ND10 components to counter gene suppression, thus resulting in gene activation (Tang & Maul, 2003) . Here, we used mutational analysis of MCMV IE1 to determine whether the properties of IE1 could be parsed into separate domains, and to discover which domain is essential in the immediate-early gene transcriptional augmentation. First, we dissected the functional domains of IE1 to determine which domain is responsible for dispersing ND10. We found that a large area of IE1 (aa 37-400) is important for the dispersal of ND10 by IE1, because all of the deletions in the region caused failures in the dispersing of ND10 (Figs 1, 2) . The finding that the deletion of 7 aa (H2B homology region: NDIFERI) within the PML-binding region of IE1 allows binding to PML but not dispersion of ND10 indicates the need for an additional dispersion function -possibly a post-translational modification affected by IE1 on ND10-associated proteins, or perhaps interaction with an intermediate protein or proteins with the NDIFERI region that affect a dispersion cascade. Furthermore, we observed that the interaction with PML, but not the dispersion of ND10, is required if IE1 is to activate the MIE promoter (as shown in Fig. 5 ). We identified discontinuous domains for the binding of IE1 to ND10. This suggests that dispersion is an active process and is not solely dependent on the binding properties of IE1 with ND10 proteins.
The IE1 proteins of HCMV and MCMV modify ND10s (Ahn & Hayward, 1997; Ishov & Maul, 1996; Korioth et al., 1996; Tang & Maul, 2003; Wilkinson et al., 1998) , which have themselves been implicated in the viral life cycle; the IE transcripts of large DNA viruses emerge from ND10s and start replication there when the virus is mutated to eliminate the ND10-dispersing protein (Ishov & Maul, 1996; Ishov et al., 1997) . For HSV-1, the elimination of ND10 appears to rest in the ubiquitination capability of the virus ICP0 protein (Everett et al., 1998; Parkinson et al., 1999) . For CMV, the binding of IE1 to the ND10 matrix protein PML appears to deprive the nuclear domain of enough proteins to maintain its recognizable structure (Ahn et al., 1998; Ahn & Hayward, 1997; Korioth et al., 1996; Wilkinson et al., 1998; Xu et al., 2001 ). However, ND10-associated proteins such as PML accumulate upon MCMV infection (Tang & Maul, 2003) , suggesting that it is not the presence or absence of ND10-associated proteins that is important to the progression of the viral replication cycle, but rather their functional elimination independent of location (Tavalai et al., 2006) . Since IE1 disperses ND10 and the absence of IE1 induces a severe replicative disadvantage, it is of interest to determine whether the elimination of the ND10 dispersive ability can be dissociated from the transcriptional co-activation of early proteins by IE1.
To determine whether the dispersal of ND10 is important for IE1 to affect viral replication, we need to have a mutated IE1 that contains minimal mutations (thereby ensuring that other functions are not modified), and the IFE deletion appears, thus far, to fit this criterion. All the point mutations of the IFE locus failed to disable the capacity of IE1 to disperse ND10 (Table 1) . The IFE deletion retained other functions, including its interaction with PML and its activation of the MIE promoter (Fig. 5 ). Therefore, it is possible that IE1 with IFE deleted could be used to construct a MCMV that will not disperse ND10. After comparing the MCMVdlIFE with its revertant, we showed that MCMVdlIFE lost the ability to disperse ND10 and, surprisingly, facilitated the co-localization of IE1 with IE3 during the entirety of the infection time course (Supplementary Figures S1 and S2 ).
Of late, MCMV IE1 has been widely studied. First, it was reported not to be important for MCMV replication in cell culture, though it was found to be important for viral replication and pathogenesis in mice (Ghazal et al., 2005) . Later, the role of IE1 in the transactivation of those cellular genes involved in nucleotide metabolism was deemed unimportant for MCMV replication and pathogenesis (Wilhelmi et al., 2008) . Whether the dispersion of ND10 is important for the replication of MCMV, thereby causing disease in mice, could be tested in vivo by using MCMVdlIFE.
In summary, we have, for the first time, dissected the MCMV IE1 functional domains regarding dispersing ND10 and interacting with PML. We found that the sequence IFE in the H2B homology region of IE1 is a minimal motif required by IE1 if it is to disperse ND10. The mutated IE1 still interacts with PML. The MCMVdlIFE mutant virus lost the ability to disperse ND10 but kept the same replication phenotype as its revertant and the wt. Therefore, we conclude that the dispersion of ND10 might not be important for MCMV replication in mouse cell culture. However, the question as to whether the colocalization of IE1dlIFE with IE3 could compensate for the growth defect resulting from the failure of ND10 dispersal during MCMVdlIFE infection is still open. Immunohistochemistry. The localization of ND10 by immunohistochemistry has been described (Martinez et al., 2010) . Briefly, cells were seeded on coverslips and 24 h later were washed twice with PBS (pH 7.0), fixed in 1 % paraformaldehyde for 10 min at room temperature, washed again (twice) with PBS and and permeabilized with 0.2 % Triton X-100 on ice for 20 min. Primary antibody was added and incubated for 30 min at room temperature. Cells were then washed twice with PBS. Secondary antibody (either anti-rabbit or anti-mouse IgG) labelled with Texas red or FITC (green) was added and incubated for an additional 30 min at room temperature. After a final wash with PBS, cells were stained with Hoechst 33258.
METHODS
Western blot analysis. Proteins were separated by SDS-PAGE (10-20 mg loaded in each lane; 7.5 % acrylamide gel), transferred to nitrocellulose membranes (Amersham), and blocked with 5 % (w/v) dried non-fat milk for 60 min at room temperature. Membranes were incubated overnight at 4 uC with primary antibody, followed by incubation with HRP-coupled secondary antibody and detection with enhanced chemiluminescence (Pierce), according to standard methods (for regular Western blot, we used secondary antibody from Amersham; for the detection of protein in the immunoprecipitation, we used TrueBlot ULTRA secondary antibodies from eBioscience, cat. no. 18-8817 for mouse or 18-8816 for rabbit). To detect additional proteins, membranes were stripped with stripping buffer (100 mM b-mercaptoethanol, 2 % SDS, 62.5 mM Tris/HCl, pH 6.8), washed with PBS/0.1 % Tween 20, and reprobed as described above.
Preparation of nuclear extracts. Nuclear extracts were obtained essentially as described previously (Tang & Maul, 2003) . Briefly, monolayer cells were washed with PBS and scraped into fresh Eppendorf tubes. Cell pellets were resuspended in cold (4 uC) buffer A (10 mM HEPES/KOH, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 0.2 mM PMSF) and incubated at 4 uC for 10 min. Then cells were homogenized with 10-20 plunges in a Kontes-B (Wheaton) Dounce homogenizer (pestle B) and poured into new bottles after centrifugation (at 12 000 g for 10 min). Pellets were resuspended in cold buffer C (20 mM HEPES/KOH, pH 7.9, 25 % glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF) by vortexing, and incubated at 4 uC for 30 min. Pellets were homogenized again with 10-20 plunges in a Kontes-B Dounce homogenizer (pestle B), and the clarified extracts were transferred to fresh tubes and stored at 270 uC until use.
Co-immunoprecipitation. Antibodies were coupled to protein G-Sepharose beads (Amersham Pharmacia Biotech), according to the manufacturer's instructions. After a wash with PBS/0.1 % BSA, the beads were incubated overnight at 4 uC with clarified extracts. They were then washed again in PBS/0.1 % BSA, and resuspended in a mixture of PBS and 26 Laemmli buffer (20 ml of each). After heating at 95 uC for 5 min, the beads were removed by centrifugation and the supernatants were analysed by SDS-PAGE and immunoblotting.
Luciferase assay. Cells were collected 20 h after transfection, and luciferase activity was determined using the Luciferase Assay System (Promega), according to the manufacturer's instructions. Each assay was performed in triplicate, and luciferase activity was normalized to the total protein amount.
Confocal microscopy. Cells were examined at 6100 magnification with a Leica TCS SPII confocal laser scanning system equipped with a water-cooled argon-krypton laser. Two wavelength channels (495 and 590 nm) were recorded simultaneously or sequentially. Power and integration were adjusted to minimize bleed-through between the green and far-red channels prior to data acquisition. The digital images obtained were cropped and adjusted for contrast with Photoshop (Adobe).
P.f.u. assay. Viral titres were determined by plaque assay, largely as described by Tang & Maul (2003) , but with a slight modification. Supernatants containing serially diluted virus particles were added to confluent NIH/3T3 cell monolayers in six-well plates. After adsorption for 2 h, medium was removed and cells were washed twice with serumfree DMEM and overlaid with phenol-free DMEM containing 5 % FCS, 0.5 % low-melting-point agarose (GIBCO) and PS. Mean p.f.u. were determined after averaging from different dilutions. A manually curated network of the PML nuclear body interactome reveals an important role for PML-NBs in SUMOylation dynamics. Int J Biol Sci 6, 51-67.
Wang, Z. F., Krasikov, T., Frey, M. R., Wang, J., Matera, A. G. & Marzluff, W. F. (1996) . Characterization of the mouse histone gene cluster on chromosome 13: 45 histone genes in three patches spread over 1Mb. Genome Res 6, 688-701.
